Mechanisms of cationic lipid-based nucleic acid delivery are receiving increasing attention, but despite this the factors that determine high or low activity of lipoplexes are poorly understood. This study is focused on the fine structure of 
INTRODUCTION
Lipoplexes (DNA complexes with cationic lipids) are becoming the preferred nonviral DNA delivery form. More than 100 cationic lipids have been developed so far, most of which are for in vitro use (1) , and only a few are used in vivo. About 20% of all clinical studies in gene delivery employ lipoplexes 1 . Many physical and biological studies of the cationic lipid formulations have been performed during the last decade, exemplified by (2) (3) (4) . The goal of all these studies was to improve our understanding of the lipofection process and its mechanisms. Nevertheless, despite extensive research, relatively little is known about structural changes that DNA undergoes upon lipoplex formation, factors that promote such changes, and relevance of these changes to the efficiency of transfection. 
MATERIALS AND METHODS

Materials-DOTAP and DOPE were obtained from Avanti Polar Lipids (Alabaster, AL).
DOSPA and DMRIE were kindly provided by Vical Inc. (San Diego, CA). Cholesterol and HEPES were purchased from Sigma (St. Louis, MO). These and all other chemicals were of analytical grade or better. Water was purified using a WaterPro PS HPLC/Ultrafilter Hybrid (Labconco, Kansas City, MO), which provides the lowest possible levels of total organic carbon and inorganic ions in sterile pyrogen-free water.
DNA-Two different plasmids were used in the study. The 6.2 kbp plasmid pQBI 25, coding for a green fluorescent protein (GFP) variant under a cytomegalovirus promoter, was kindly provided by Qbiogene (Montreal, Canada). The plasmid pCMV-hGH, a 4.8 kbp plasmid containing a gene coding for human growth hormone (hGH) and under the same promoter, was prepared as previously described (17) . The DNA was analyzed by agarose gel (1%) electrophoresis using post-staining with SYBR Green I fluorescent dye (Molecular Probes, Eugene, OR). Quantitative analysis of supercoiled plasmid (18) was performed and showed that the plasmid DNA was 85-90% in a supercoiled form.
UV-spectroscopy showed no presence of protein or RNA contamination in any of the DNA batches: the ratio of absorbance at 260 nm to that at 280 nm was always between 1.8 and 1.9.
Lipid Assembly Preparation-Hydrated unsized lipid dispersions were prepared from lyophilized lipid mixtures as described (19) . When desired, these dispersions were downsized by extrusion through polycarbonate filters with a final 100-nm pore size extrusion step. diluted in buffer, keeping a constant total volume of 400 µl, and complexes were allowed to form for 15 min. The vitrified specimens were prepared in a controlled environment vitrification system (CEVS) at 25°C and 100% relative humidity, as previously described (22) . Samples were examined in a Philips CM120 microscope operated at 120 kV.
Specimens were equilibrated in the microscope below −178°C, then examined in the low-dose imaging mode to minimize electron beam radiation damage, and recorded at a nominal underfocus of 4-7 nm to enhance phase contrast. An Oxford CT-3500 cooling holder was used. Images were recorded digitally by a Gatan MultiScan 791 CCD camera using the Digital Micrograph 3.1 software package.
Transfection of CellsFor transfection in vitro, NIH 3T3 fibroblasts were used. The cell medium consisted of DMEM with 0.2 mM L-glutamine, 10% (w/w) fetal calf serum, 1 mg/ml penicillin, and 100 U/ml streptomycin (all obtained from Biological Industries, Beit Haemek, Israel). The cells were regularly split and were never allowed to grow to more than 80% confluence. Only cells that had undergone fewer than 25 passages were used for transfection.
Transfection with pCMV-hGH (see Methods) was performed according to our protocol (1, 17) . The concentration of hGH in the supernatant of the wells was estimated by using an ELISA hGH assay, (Roche Diagnostics GmbH, Mannheim, Germany). For transfection with pQBI 25 coding for a GFP variant, we plated cells in black 96-well FluoroNunc™
Plates (Nalge Nunc, Rochester, NY) at a density 7000 cells/well. After 24 h, the lipoplexes were prepared according to the protocol described above, and the cells were Recombinant GFP variant (Qbiogene, Montreal, Canada) was used as calibration standard.
RESULTS
We studied the relation between lipoplex composition, DNA structure in lipoplexes, and the efficiency of the transfection process. For this purpose we used lipoplexes composed of different cationic lipids (monocationic DOTAP and DMRIE and polycationic DOSPA), and helper lipids (DOPE, DOPC, and cholesterol) ( (12)), or of cholesterol in a monocationic lipid formulation in order to produce a significant Ψ − spectrum (Fig. 3) .
On the other hand, when DOPC was formulated as a helper lipid in the lipoplex, no Ψ − spectrum was recorded. In contrast to monocationic lipids, the polycationic lipid DOSPA did not promote the Ψ − structure, whatever helper lipid it was formulated with.
(c) Effect of L + /DNA -charge ratio. For monocationic lipids, the above-mentioned spectral changes were dependent on the charge ratio (maximum changes at charge ratio 1.5-2), while CD spectra of DOSPA-based lipoplexes did not show any dependence on the charge ratio. The SLS data (Fig. 7) show that all the formulations followed the same trend: the lightscattering peaked at L + /DNA − charge ratio 1-2 for monocationic formulations and at ratio 2-4 for polycationic formulations, and followed a bell-shaped profile. Light scattering showed only poor correlation with the CD data, except for DOTAP/DOPE
Transfection studies-Transfection activity of the formulations (Fig. 8) followed a bellshaped profile, similar to the SLS data (Fig. 7) . With all reporter genes, the optimal activity was observed at L + /DNA − charge ratio 2 for most of monocationic formulations (except for DOTAP/CHOL, which showed optimal activity at ratio 4), and 4 for DOSPA formulations. Cationic lipid/DOPE (1:1) lipoplexes showed the best activity, which decreased with the increasing DOPE content, while cationic lipids alone were least efficient, at all charge ratios tested. Relative transfection efficiency was variable and was highly dependent on the reporter gene (excreted hGH vs. cytoplasmatic GFP) and the cell culture conditions.
DISCUSSION
According to the DNA phase diagram (12), neutralization and dehydration of DNA helices can lead to the formation of a separate liquid crystalline DNA phase (Ψ − -DNA) (8) . But, these factors do not necessarily lead to Ψ − structure formation (25-27). We proposed that DNA tertiary structure formation following cationic lipid-mediated DNA neutralization is governed by the lipoplex phase behavior (12) . Packing parameter P, defined as the ratio of the cross-sectional area of the hydrophobic part to the crosssectional area of the hydrophilic part (28), allows one to predict phase behavior of a given lipid. According to the geometry, the lipids that we studied ( Fig. 1) Here we show that factors that lead to formation of the inverted hexagonal Lipid-DNA phase also lead to "precipitation" of DNA into a chiral phase: In contrast to DOSPA/DOPE, DMRIE/DOPE and DMRIE/CHOL do promote Ψ − -DNA formation, although to a lesser extent than DOTAP/DOPE or DOTAP/CHOL.
We explain this by the fact that DMRIE, a DOTAP analog, has a more compact hydrophobic part and a slightly larger and more polar cationic headgroup (due to an additional hydroxyl moiety). Therefore, it is expected to have a packing parameter somewhat smaller than that of DOTAP and thus to put a greater energetic threshold on H II lipid-DNA phase formation in the presence of DOPE or CHOL.
(c) Ψ − -DNA is influenced by the mole fraction of the monocationic, but not the polycationic, lipids in the lipoplexes. In correlation with the theoretically predicted phase behavior ( fig. 5 in (32) ), dilution of DOTAP with DOPE to mole ratio 1:3 led to an augmentation of Ψ − spectrum (Fig. 4 ).
Besides promotion of the H II lipid-DNA phase, cationic lipid dilution with DOPE decreases membrane charge density, and this can lower the efficiency of DNA neutralization (19, 20) . (Table 2) . That means that Ψ − augmentation following cationic lipid dilution with DOPE cannot be explained by electrostatics. Also, the fact that dilution of DOSPA with DOPE did not change the CD spectrum strengthens our hypothesis that the effect of cationic lipid dilution on formation of liquid crystalline DNA phase is not a simple neutralization-dehydration phenomenon.
It should be emphasized that "classical" Ψ − signals, described previously (10), are much stronger than those observed by us. Such small values of CD peaks of cationic lipid-aggregated DNA probably reflect low helical ordering or low density of DNA helices in the resulting chiral aggregates.
What Is the Common Denominator of All the Lipoplex Formulations Showing
Good Transfection Activity?-The positive relationship between presence of inverted hexagonal lipid-DNA domains and efficient transfection of monocationic lipids was reported previously (30) . We demonstrate here that presence of Ψ − structure positively correlated with high transfection in the region of optimum of monocationic lipid formulations. But, the optimum of polycationic lipid-mediated transfection in our system was free from tertiary DNA structure. The very high boost of DOSPA/DOPE
(1:1) transfection at charge ratio 4 ( Fig. 8 insert) is obviously hexagonal phase-or Ψ − -independent. The shared future of all the formulations is the optimum in a bell-shaped curve of transfection activity, which is related to SLS and size measurements (Figs. 7,   8 ). In the region of optimal transfection efficiency there is a maximum heterogeneity in the size distribution (17, 20, 34, 35) . This is the result of lateral phase separation, which occurs in most systems and introduces membrane defects and therefore inherent destabilization (36, 37) . We show also that there is phase instability in the region of optimal transfection: micellar and lamellar phase in DOSPA-based lipoplexes (Fig. 6) ;
inverted hexagonal and lamellar phase in DOTAP/DOPE lipoplexes. The presence of inverted hexagonal phase is responsible for the formation of tertiary DNA structure, but this can be regarded only as a "by-product" phenomenon that occurs in the region of the lipoplex thermodynamic instability. Such instability, however reached, appears to be, at least in part, responsible for good biological activity of a cationic lipid formulation, in vitro. 
